Abstract
Results
During 55,407 person-years of follow-up, 2,439 cases of incident MetS developed (21.0%). Baseline serum bilirubin level clearly showed no association with the development of MetS in men but an independent significant inverse association in women which attenuated (hence may be mediated) by elevated homeostatic model assessment index 2 for insulin resistance (HOMA2-IR). However, increased risk for incident MetS was observed in higher percent change in bilirubin quartiles, with hazard ratios of 2.415 (95% CI 2.094-2.785) in men and 2.156 (95% CI 1.738-2.675) in women in the fourth quartile, compared to the lowest quartile, after adjusting for age, smoking status, medication history, alanine aminotransferase, uric acid, estimated glomerular filtration rate, fasting glucose, baseline diabetes mellitus prevalence, systolic blood pressure, waist circumference, and body mass index. The hazard ratios per one standard deviation increase in percent change in bilirubin as a
Introduction
Metabolic syndrome (MetS) is a constellation of interlinked metabolic conditions that seem to accelerate the development of cardiovascular disease [1] [2] [3] . Chronic inflammation, oxidative stress, and insulin resistance all play important roles in the initiation and advancement of MetS [1, 3, 4] .
Bilirubin is not only the end product of heme catabolism, but also a potent endogenous anti-oxidant [5] . It also reflects serum antioxidant capacity [6] . Moreover, it exerts a protective effect against inflammatory processes in blood vessels [6, 7] . In line with these findings, serum bilirubin concentration has been found to be inversely associated with oxidative stress-related disorders such as cardiovascular diseases, diabetes mellitus, obesity, and MetS [1, 6, [8] [9] [10] . In addition, a previous study reported an inverse association between mean bilirubin concentrations and the number of metabolic syndrome components in a population with atherogenic dyslipidemia [9] .
However, most prior studies could not investigate the changes in bilirubin concentration preceding the development of MetS because of their cross-sectional nature. Heme oxygenase-1, an important enzyme in the production of bilirubin, which is highly inducible [6] , increases in early phases of diabetes and decreases in late stages [11, 12] . It is possible that bilirubin concentration increases in parallel with heme oxygenase-1 in the initiation phases of MetS and diabetes mellitus. However, studies have yet to explore change in bilirubin level as a marker of the development of MetS. Therefore, we investigated the effects of changes in bilirubin level on incident MetS development in healthy Korean adults.
Materials and Methods

Study population and design
This was a retrospective longitudinal study. The study cohort comprised 24,185 participants who had undergone yearly health check-up programs for four or more years at the Health Promotion Center of Samsung Medical Center between January 2006 and December 2012. Among them, 7,285 subjects were excluded due to missing waist circumference measures. In addition, 4,816 people were excluded from analysis because they had MetS at baseline (n = 2,728), were diagnosed with MetS at the first follow-up visit (n = 1,516), had a baseline bilirubin level higher than 34.2 μmol/l (2.0 mg/dl) (n = 239), had hepatitis B (hepatitis B surface antigen presence) (n = 536) or hepatitis C (anti-hepatitis C virus antibody presence) (n = 111), had aspartate aminotransferase (AST) and/or alanine aminotransferase (ALT) levels higher than 80 U/l (n = 71), had missing baseline bilirubin level data (n = 2), or had an estimated glomerular filtration rate (eGFR) lower than 60 ml/min/1.73 m 2 (n = 84). Therefore, 11,613 subjects (6,890 men and 4,723 women) with a mean age of 50.9 years (range: 18-89 years) were 
Clinical and biochemical measurements
Medical history, smoking and alcohol consumption status, anthropometric data, and laboratory test results were collected during check-ups. Subjects were categorized by smoking status into never, past, and current smoker groups. They were also classified as drinkers and nondrinkers according to the response to the questionnaire asking whether they drink alcohol or not. Subjects were dichotomously categorized as drinkers and non-drinkers because information on the amount or frencies of alcohol consumption was not available. Participants were also required to check whether they take statin or not, and take aspirin or not by the questionnaires addressing these issues. Blood pressure (BP) was measured by trained nurses using mercury sphygmomanometers on patients' right arms after at least five minutes of rest. Waist circumference (WC) was measured in the erect position between the costal margin and iliac crest at the end of expiration. Body mass index (BMI) was calculated as body weight in kilograms divided by height in meters squared (kg/m 2 ). Estimated glomerular filtration rate (eGFR) was calculated according to the Modification of Diet in Renal Disease (MDRD) equation [13] . Insulin resistance, represented by the homeostatic model assessment index 2 for insulin resistance (HOMA2-IR), was derived utilizing the HOMA calculator (http://www.dtu. ox.ac.uk) [14] .
Venous blood samples were obtained after an overnight fast and were sent to the central, certified laboratory in our center. Measurements included serum bilirubin, AST, ALT, fasting plasma glucose, plasma insulin, triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C), serum uric acid, and creatinine. The presence of hepatitis B surface antigen (HBs Ag) and anti-hepatitis C virus antibody (anti-HCV Ab) was also determined.
Serum bilirubin concentrations were measured using the diazonium salt/diazonium ion with blank method with Modular/Hitachi BIL-T reagents (Roche Diagnostics, Basel, Switzerland) on a Hitachi-7600, Modular DP-110 autoanalyzer (Hitachi, Tokyo, Japan). Plasma glucose levels were determined using the hexokinase method with Bayer Reagent Packs on an automated chemistry analyzer (Advia 1650 Autoanalyzer, Bayer Diagnostics, Leverkusen, Germany), and plasma insulin values were derived using an immunoradiometric assay (DIAsource Co., Louvain-la-Neuve, Belgium). Fasting HDL-C, LDL-C, and TG were measured using the enzymatic colorimetric method with a Modular D2400 (Roche Diagnostics, Basel, Switzerland).
Definitions
The definition of MetS was established according to the 2005 revision of the National Cholesterol Education Program Adult Treatment Panel III (NECP-ATP III) criteria, using Asian-specific cut-off values for abdominal obesity (WC ! 90 cm in men, ! 80 cm in women) [15] .
Baseline bilirubin was defined as the serum bilirubin level measured on the first visit. The final bilirubin concentration was recorded one year before the date of diagnosis of MetS or at the final visit for subjects without a MetS diagnosis. 
Statistical analyses
SPSS Software (Version 21, SPSS Inc., Chicago, IL, USA) was utilized for the statistical analyses. Characteristics of the study population according to development of MetS were analyzed separately for men and women. Continuous variables with normal distributions were compared using Student's t-test and expressed as mean ± standard deviation, while continuous variables with uneven distributions were parallelized using Mann-Whitney U test and presented as median and interquartile range. For categorical variables, Pearson's Chi-square test was performed, and frequencies and percentages were presented. Multivariate Cox regression analysis was conducted to evaluate the hazard ratios (HRs) and 95% confidence intervals (CIs) for MetS incidence according to increases in baseline bilirubin level and PCB as continuous variables and quartiles. The HR for MetS incidence was also calculated according to one standard deviation increase in mean PCB as a continuous variable. These analyses were conducted separately for men and women, and sex-specific cutoff points were adopted for quartiles of baseline bilirubin and PCB in men and women. Cox regression models were adjusted for potential confounders. Model 1 was adjusted for age, smoking status, and medication history (whether taking statin or not, and taking aspirin or not). Model 2 was further adjusted for ALT, uric acid, eGFR, fasting glucose and prevalence of diabetes mellitus at the initial visit. Model 3 was additionally adjusted for systolic BP, WC and BMI. Moreover, alcohol history was further added as a potential confounder in Model 4 in those who answered the questionnaire regarding the current alcohol consumption status. Model 5 was adjusted for HOMA2-IR and all possible confounders previously mentioned except for the alcohol history and fasting glucose, in subjects whose fasting insulin level had been measured. Two-tailed probability values less than 0.05 were considered to be statistically significant.
Spearman's rank correlation coefficients were used to explore the relationships between baseline bilirubin or PCB and anthropometric and biochemical parameters, which included variables possibly associated with MetS such as WC, BMI, BP, HOMA2-IR, TG, LDL-C, HDL-C, apolipoprotein A1 (apo A1), and apolipoprotein B (apo B).
Results
Characteristics of the study population
During 55,407 person-years of follow-up, 1,695 cases in men and 744 cases in women of new MetS developed (21.0% in all subjects; 24.6% in men and 15.8% in women). The clinical characteristics and laboratory data of the study population according to the development of MetS are presented in Table 1 . Subjects who developed MetS had higher WC, BMI, systolic and diastolic BP, fasting glucose, fasting insulin, HOMA2-IR, TG, LDL-C, AST, ALT, and serum uric acid values than those who did not. HDL-C level was significantly lower in those who were subsequently diagnosed with MetS. This was true for both male and female participants. Smoking status demonstrated a significant difference between the groups who did and did not develop MetS only in men (P < 0.001), while age varied significantly based on MetS development only in women (P < 0.001).
In men, there was no significant difference in baseline bilirubin concentration between the two groups. In women, baseline bilirubin level in those who developed MetS was lower than that in those who did not (P < 0.001). However, PCB was significantly lower (more negative) in participants who remained free of MetS than in those who developed MetS (P < 0.001) in individuals of both sexes.
Baseline bilirubin level and incident metabolic syndrome
The HRs and 95% CIs for incident MetS with respect to quartile of baseline bilirubin concentration and by one standard deviation increase in baseline bilirubin level as a continuous variable in men and women were calculated (Tables 2 and 3 ). Baseline bilirubin level as a continuous variable and its quartiles demonstrated no significant effect on the risk of incident MetS regardless of adjustment for potential confounders in men. In women, incidence of MetS tended to decrease as the baseline bilirubin quartile advanced. This association was significant in Model 1-4 when multivariate Cox regression analysis was performed with adjustment for potential confounders (Table 3 ). In women, the HRs for MetS incidence by the increase in baseline bilirubin concentration as a continuous variable also showed an inverse trend in Model 1-4 albeit it was not significant in Model 1 and 3. This inverse association was markedly attenuated when HOMA2-IR was added as a potential confounder in Model 5.
Percent change in bilirubin (PCB) and incident metabolic syndrome
HRs and 95% CIs for incident MetS according to PCB quartile and one standard deviation increment in PCB as a continuous variable were presented separately for men (Table 4) and women (Table 5) . In all models (Model 1-5) adjusted for possible confounding factors, risk for incident MetS increased significantly in higher quartile groups. In men, the HR per one standard deviation increase in PCB as a continuous variable was 1.277 (95% CI, 1.229-1.326; P < 0.001) in Model 3 (Table 4) , and in women, it was estimated to be 1.366 (95% CI, 1.288-1.447; P < 0.001) in Model 3 (Table 5 ). Increase in mean PCB as a continuous variable was also significantly associated with increased risk for incident MetS in both sex group (S1 Table) . The incidence of MetS was calculated separately in 16 subgroups divided into quartiles of baseline bilirubin and PCB (Figs 1 and 2 ). In the same quartile group of baseline bilirubin, the incidence of MetS increased sequentially as the PCB quartile advanced, in both sexes (Figs 1  and 2 ).
Correlations between baseline bilirubin, percent change in bilirubin, and other parameters
Correlations between baseline bilirubin or PCB and anthropometric and biochemical parameters are presented in Table 6 . Baseline bilirubin level was negatively correlated with bilirubin change (rho = -0.462, P < 0.001) and PCB (rho = -0.389, P < 0.001). Baseline bilirubin concentration was negatively correlated with age, fasting insulin, and HOMA2-IR, while PCB was positively correlated with the same variables. Baseline bilirubin level was positively correlated with LDL-C, apo A1, and apo B, although PCB was negatively correlated with these parameters.
Discussion
To the best of our knowledge, this was the first study investigating whether change in serum bilirubin concentration, rather than baseline serum bilirubin level, is associated with the risk of incident MetS in a longitudinal design. This longitudinal study demonstrated a significant association between change in bilirubin level and the development of MetS in both genders, even in fully-adjusted models. Association between baseline bilirubin level and the risk of incident MetS, which has been reported by previous studies, was confirmed only in some multivariate analysis conducted in female subjects. Previous studies have consistently reported that serum bilirubin level is inversely correlated with cardiovascular diseases, hypertension, diabetes mellitus, obesity, and MetS [6, 10] . Certain genotype allele carriers with higher bilirubin concentrations showed an inverse association with cardiovascular diseases risk in the Framingham Heart Study population [8] , and a lower coronary heart disease risk was reported in women with higher bilirubin level in a prospective study with 4 year's follow-up [16] . In our data, baseline bilirubin level showed a significant inverse association with MetS incidence only in women.
In relation to these findings, the possible antioxidant activity of bilirubin on low-density lipoprotein and consequent inhibition of the atherosclerotic process have been suggested in prior reports [17] . However, most previous reports did not explore changes in bilirubin concentration in the early phases of MetS, nor preceding the development of this disease [1, 2] . The majority of recent studies showing a negative association between bilirubin and MetS were cross-sectional. Although Lee et al. demonstrated a significant negative relationship between baseline bilirubin concentration at the initial visit and incident MetS in a two-point longitudinal design [1] , changes in bilirubin levels were not taken into account. Male subjects in that study were examined in 2007 and re-evaluated only in 2011, which resulted in a gap of four years between the initial visit and follow-up. Therefore, a discrepancy between the development of MetS and the detection of it could exist, and data regarding changes in serum bilirubin concentration preceding the development of MetS are not yet available.
Although the retrospective design of this study limits the exploration of cause-and-effect relationships and mechanisms, positive values of PCB may indicate a possible increase in oxidative stress preceding the occurrence of MetS.
Bilirubin is produced through the action of heme oxygenase [6] , the rate-limiting enzyme in the catabolism of heme [5] . Formation of bilirubin is inhibited by the down-regulation of heme oxygenase activity [18] . Heme oxygenase exists as two isoforms, heme oxygenase-1 and heme oxygenase-2 [6] . Of them, heme oxygenase-1 is highly inducible in response to a variety of chemical and physical stressors including hypoxia, hyperoxia, hyperglycemia and proinflammatory cytokines [6] , and it is considered to be a reliable and sensitive marker of cell stress [11, 19] . Heme oxygenase-1 also contributes to metabolic control in both in vitro and in vivo models [20] . High glucose exposure leads to induction of heme oxygenase-1 gene expression and enzyme activity in islets in accordance with elevation in intracellular peroxide concentration [6, 21, 22] , while chronic hyperglycemia results in a decrease in heme oxygenase activity in rat models [23, 24] . Also, dissimilar expression of heme oxygenase-1 according to diabetes stage has been found, which indicates an increase in heme oxygenase-1 level in the early phases and a subsequent decrease in the late stages [11, 12] . Bao et al demonstrated that increased plasma heme oxygenase-1 level was associated with higher odds ratios for new type 2 diabetes mellitus in a case control study [11] , suggesting that the plasma level of heme oxygenase-1 is a reflection of oxidative stress generated prior to the development of diabetes mellitus [6] . The aforementioned studies proposed that heme oxygenase is induced in the early phases and decreased in the late stages of diseases related to glucose metabolism. It is highly likely that the bilirubin concentration changes according to disease course in parallel with heme oxygenase-1 expression. A recent study showing that the duration of type 2 diabetes is inversely associated with serum bilirubin levels within physiologic range [25] also corresponds to this suggestion. Additional prospective studies exploring serial changes of bilirubin and heme oxygenase-1 concentrations preceding and following the development of MetS may further support this speculation.
Positive change in bilirubin might be a sensitive biomarker for the development of MetS in the early phases of the process. Also, an increase in bilirubin may be a surrogate marker representing the body's response to stressors such as reactive oxygen species in these initial stages. In our data, baseline bilirubin, which showed a trend of inverse association with MetS incidence in women of our data and has been consistently proposed as a protective factor of MetS [1, 6] , was negatively correlated with bilirubin change and PCB while PCB showed a statistically significant association with incident MetS.
Age, fasting insulin, and HOMA2-IR were negatively correlated with baseline bilirubin level, and they were positively correlated with PCB. On the other hand, LDL-C, apo A1, and apo B levels were positively correlated with baseline bilirubin concentration while they were inversely correlated with PCB. We speculate that these findings may support the idea that changes in lipoprotein[Lp](a) might be related to the underlying mechanism. Lp(a) mediates systemic inflammatory process and endothelial dysfunction, and acts as one of the cardiovascular risk factors, and it utilizes atherogenic and prothrombotic pathways [26, 27] . Bilirubin exerts antioxidant activity on low-density lipoprotein [17, 28, 29] . Oxidation of low-density lipoprotein lipids may result in oxidative modification of the lipoprotein's protein moiety, apoprotein B-100, which is a structural protein for LDL, and Lp(a) [17, 28, 29] . Oxidation of phospholipids including Lp(a) particles causes damages in epitopes which inhibit them from being captured by the immunoassay, and leading to an apparently low Lp(a) concentration [30] . If oxidation of Lp(a) is also reduced by bilirubin, the apparent Lp(a) concentration will not be decreased subsequently. Onat A et al. reported that Lp(a) was positively associated with total cholesterol, and negatively associated with fasting insulin [26] . The directions of the correlation of Lp(a) with these variables seem to be in concordance with those of baseline bilirubin.
Our study has several strengths. As a large longitudinal study, a substantial number of subjects of both sexes were enrolled, and a considerable number of cases of incident MetS were observed. In addition, we verified the development of MetS through annual follow-up. To the best of our knowledge, this is the first investigation of change in bilirubin level as a factor affecting initiation of MetS.
However, there are some limitations to the present study. First, we analyzed data from participants who voluntarily visited a health promotion center and underwent annual follow-up four or more times; this group might not be representative of the general population. In addition, we never measured plasma heme oxygenase-1 concentration, which might have provided direct evidence regarding the relationship between bilirubin and MetS. Also, clarification of the causal relationships and mechanisms may be limited by the retrospective design of this study. Finally, we evaluated the association between PCB and new-onset MetS after adjusting for potential confounders such as smoking status, WC, BMI, and systolic BP, and only information collected at the initial visit was utilized for confounders. Thus, changes in medical condition and the influence of life-style modification were not taken into account.
Conclusions
In conclusion, an increase in bilirubin concentration, defined as PCB, was positively associated with incident MetS in a healthy Korean population, indicating that bilirubin increase might precede the development of MetS. Positive levels of PCB may reflect an increase in oxidative stress preceding new-onset MetS, and further studies are needed to confirm these suggestions. 
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